Introduction
============

Parkinson's disease (PD) is the most common movement neurodegenerative disorder in elderly adults. It is characterized by a progressive degeneration of dopaminergic neurons in the *substantia nigra* and by the pathological accumulation of intraneuronal aggregated and hyperphosphorylated alpha-synuclein in Lewy bodies ([@B8]). Missense mutations and multiplication of the gene encoding alpha-synuclein *SNCA* (synuclein, alpha \[non-A4 component of amyloid precursor\]) were identified as genetic abnormalities associated with rare familial forms of PD ([@B59]; [@B70]; [@B11]; [@B34]). Polymorphisms regulating *SNCA* levels were subsequently associated with sporadic PD ([@B46]; [@B69]), supporting that alpha-synuclein level is instrumental in most forms of the disease. Dopamine deficit at the striatum -e.g., the striatal area innervated by the *substantia nigra*- is the main factor leading to bradykinesia, resting tremor, rigidity and postural instability. It is generally accepted that these motor symptoms appear only after a substantial proportion of dopaminergic neurons are lost ([@B7]).

The motor features of PD can be preceded, sometimes for several years, by non-motor symptoms such as olfactory deficits, sleep disorders, depression and autonomic dysfunction ([@B65]). Increasing evidence suggests that unintended body weight change is also a significant feature of PD symptomatology. Weight loss, primarily due to fat rather than muscle loss ([@B48]), has been frequently documented in PD patients ([@B12]; [@B14]; [@B74]; [@B76]). The majority of patients have lower body mass than control individuals at diagnosis ([@B67]). PD patients are moreover four times more likely to lose body mass than healthy elderly individuals ([@B12]; [@B14]; [@B74]; [@B76]; [@B18]). Body mass loss during the course of the disease has been associated with poorer clinical outcomes and rapid disease progression ([@B43]; [@B76]; [@B68]; [@B56]), suggesting that it could be of prognostic significance for PD severity ([@B18]; [@B67]; [@B56]). Thus, to address the links between weight loss and PD is quite necessary ([@B45]).

Body weight is governed by energy intake and energy expenditure (EE), which are tightly controlled as peripheral hormonal signals integrate in the hypothalamus to regulate food intake and energy outgo ([@B66]). Reduced energy intake, secondary to motor or non-motor symptoms (i.e., hyposmia, gastrointestinal disturbance, depression) has been proposed as a factor contributing to weight loss in PD ([@B45]). However, other studies showed that mild to moderate PD patients have the same nutritional status compared to controls ([@B24]) or that weight loss can occur in PD despite an increased energy intake ([@B12]; [@B43]). Conflicting results also exist regarding EE, with a study suggesting that increased EE could contribute to weight loss in PD ([@B47]) while others showed that the total daily EE was not higher in patients with weight loss compared with patients without weight loss ([@B20]) and healthy controls ([@B36]). Central regulatory hypothalamic mechanisms in weight disturbance in PD has recently attracted much attention in part due reports of body weight gain after deep brain stimulation of subthalamic nuclei ([@B3]; [@B1]). Moreover, changes in plasmatic concentrations of hormones regulating energy balance such as leptin occur in PD patients with weight loss ([@B26]). However, our basic understanding of the pathophysiological mechanisms underlying body weight change in PD remains limited. In particular it is not known whether alpha-synuclein accumulation that is central in PD impacts on energy intake/expenditure, levels of peripheral hormones or changes in global function of the hypothalamus.

In the present study, we determined the metabolic phenotype of the well-established Thy1-aSYN mouse model of PD. Thy1-aSYN transgenic mice overexpress full-length Human wild-type (WT) alpha-synuclein under the murine Thy-1 (thymus cell antigen 1, theta) promoter (Thy1-aSYN mice) ([@B16]). We measured the evolution of body mass from weaning to 12 months of age and assessed in 6-month-old (an age preceding any severe motor deficits) animals food intake, spontaneous activity, EE, glucose, and insulin tolerance, as well as alpha-synuclein, insulin, and leptin in the plasma and related signaling pathways in the hypothalamus.

Materials and Methods {#s1}
=====================

Animal Procedures
-----------------

This research was conducted in accordance with the European Union standards for the care and use of laboratory animals and approved by the Nord/Pas-de-Calais Ethical Committee CEEA N°75 (authorization n° O535.02). Thy1-aSYN mice (on a C57Bl6/DBA2 background) were provided by Pr. Marie-Françoise Chesselet (University of California Los Angeles, CA, United states) with the agreement of Prof. Eliezer Masliah (University of California San Diego, CA, United States) and a colony was established in Lille animal facility by breeding transgenic females with WT males (Charles Rivers). Animals were genotyped by PCR from tail DNA samples. Thy1-aSYN and WT littermates male mice were used in the study. Animals were maintained in standard animal cages under specific pathogen-free conditions (12/12 h light/dark cycle; 22°C; grouped housed), with *ad libitum* access to water and standard laboratory chow (RM1A; 14.8 MJ/kg; Special Diets Services). Body weights were measured for different animals housed in our colony, including but not limited to those euthanized for further analyses, at weaning (WT: *n* = 17, Thy1-aSYN: *n* = 17), 2 months (WT: *n* = 17, Thy1-aSYN: *n* = 17), 3 months (WT: *n* = 27, Thy1-aSYN: *n* = 25), 6 months (WT: *n* = 33, Thy1-aSYN: *n* = 29), 9 months (WT: *n* = 10, Thy1-aSYN: *n* = 9) and 12 months (WT: *n* = 10, Thy1-aSYN: *n* = 7) of age. Further behavioral and metabolic characterizations were performed on 6-month-old animals (WT: *n* = 22, Thy1-aSYN: *n* = 19) or 3-month-old animals (WT: *n* = 16, Thy1-aSYN: *n* = 13). Beam test was performed on 6-month-old animals and lasted 3 days, as described below. The following week, metabolic analyses were carried out using metabolic cages (see below) and glucose tolerance and insulin sensitivity tests were performed (see below). The body compositions were assessed on 12 WT and 10 Thy1-aSYN 6-month-old mice. For blood and plasma analyses, mice were fasted during 6 h before being euthanized. Trunk blood samples were gathered in heparinized tubes and centrifuged at 425 g for 10 min at 4°C. Plasma supernatant was aliquoted and stored at -70°C until assayed. Brains were rapidly removed, hypothalamus dissected out at 4°C and stored at -70°C until use. Inguinal and gluteal adipose tissue were weighted as subcutaneous adipose tissue. The same experimenter dissected all samples for consistency.

Challenging Beam Traversal Test
-------------------------------

Motor performance and coordination were measured using a challenging beam traversal procedure ([@B27]). Briefly, animals were trained for 2 days in the afternoon to traverse the length of a beam toward their home cage. On the third day, a mesh grid (1 cm squares) was positioned 1 cm above the beam. Mice were then videotaped for a total of five trials. An experimenter blind to genotype watched and rated the videotapes for errors, number of steps made by each animal, and time to traverse for all five trials. An error was counted when, during a forward movement, a limb slipped through the grid and was visible between the grid and the beam surface ([@B27]).

Body Composition
----------------

Body composition was determined using an "*in vivo* Micro-CT Scanner for Small Lab Animals" (LaTheta LCT-100, Hitachi Aloka Medical Ltd.). Mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg) mix and about 60 CT slices per mouse were made at 500 μm intervals between shoulders and posterior legs. Slices were analyzed by Aloka software for fat (visceral and subcutaneous) mass, lean mass, and for bone mineral density in the spinal cord. The fat ratio was calculated by the following formula: total fat mass/(total fat mass + lean mass) × 100.

Metabolism, Ambulatory Activity and Energy Expenditure Monitoring
-----------------------------------------------------------------

Mice were individually housed in a LabMaster-CaloSys-Calorimetry System (TSE Systems). Animals were placed 3 days in chambers and only the last 24 h were monitored. The locomotor activity was derived from the number of beam breaks (infrared light-beam frame ActiMot2; x- and z- axes sensors). The system measured the volume of O~2~ consumed and the volume of CO~2~ produced, over a 15 min period, 4 times per hour. These values were averaged to determine the rate of O~2~ consumed (VO~2~) and CO~2~ produced (VCO~2~). The EE, the respiratory exchange ratio (RER), and the fatty acid oxidation (FA) were calculated using the following equations RER = VCO~2~ / VO~2~; EE (kcal/h) = (3.815 + 1.232 × RER) × VO~2~) × 1000, FA oxidation (kcal/h) = EE × ((1-RER)/0.3) ([@B51]). Values for RER range between 1.0 to 0.7, with pure carbohydrate oxidation having a value of 1.0 and pure fat oxidation having a value of 0.7.

Food Intake Monitoring/Meal Pattern Analysis
--------------------------------------------

Metabolic cages are equipped with food and drink high precision sensors of 0.01 g and 0.01 ml resolution respectively (TSE Systems, GmbH). Mice had free access to food and water during the whole recording period. Here a meal was defined as a consumption of at least 0.03 g of food separated from the next feeding episode by at least 10 min, as previously described ([@B32]). For each mouse, inter-meal interval, meal duration, meal size and meal rate in dark and light phases were assessed.

Intraperitoneal Glucose Tolerance and Insulin Sensitivity
---------------------------------------------------------

Intraperitoneal glucose tolerance and insulin sensitivity tests were performed at 2 p.m., after 6 h of fasting. D (+) glucose (1 g/kg in saline; Sigma-Aldrich) or insulin (0.75 units/kg in saline; NovoRapid FlexPen^®^) were injected intraperitoneally. Blood glucose concentration was measured using a OneTouch Vita^®^ meter (Lifescan) 0, 15, 30, 60, 90 and 120 min following injection.

Blood Glucose and Plasmatic Alpha-Synuclein, Insulin and Leptin Levels
----------------------------------------------------------------------

Blood glucose levels were quantified after 6 h of fasting using a OneTouch Vita^®^ meter (Lifescan). Plasma Human alpha-synuclein levels were measured using the Human alpha-Synuclein Kit (Meso Scale Discovery) according to the manufacturer's instructions. Intraassay coefficient of variation was \< 14%. Plasma insulin was assayed using the Mercodia Ultrasensitive Mouse Insulin ELISA (Mercodia). Intra- and interassay coefficients of variation were \<3.4 and \<3.0%, respectively. Plasma leptin was measured using the Quantikine^®^ ELISA kit (R&D Systems). Intra- and interassay coefficients of variation were \<4.5 and \<4.7%, respectively. All the samples were analyzed in duplicate.

Western-Blot Analyses
---------------------

Tissue was homogenized in 300 μl RIPA buffer (Thermo Scientific) containing 0.5% (w/v) CHAPS (Sigma-Aldrich), protease and phosphatase inhibitors (Complete and PhosSTOP, Roche), using a glass/teflon potter homogenizer (30 strokes), sonicated and let under agitation for 1 h at 4°C. Lysates were centrifuged at 12000 × *g* for 20 min at 4°C. The supernatant was removed and stored at -20°C. Proteins were quantified using the BCA system (Pierce). Protein samples were prepared in reducing conditions (NuPage sample buffer with sample reducing agent, Invitrogen) and heated at 95°C for 10 min. Then, 10 μg of proteins were separated on a NuPAGE Novex gel (Invitrogen) and transferred to a nitrocellulose or PVDF membrane, for chemiluminescent or fluorescent western-blotting respectively. Membranes were saturated in 5% non-fat dry milk in TNT or 5% Bovine Serum Albumine in Tris--NaCl-Tween buffer and incubated with appropriate primary antibodies allowing detection of actin (Sigma-Aldrich A5441, 1/50000), Akt (Cell Signaling 9272, 1/5000), phospho-Akt (Ser473) (Cell Signaling 12694, 1/2500), Human and murine alpha-synuclein (BD Bioscience 610787; immunogen: Rat synuclein-1 aa. 15-123; 1/10000), phospho-alpha-Synuclein (Ser129) (Cell Signaling 23706; immunogen: synthetic phosphopeptide corresponding to residues surrounding Ser129 of Human alpha-synuclein protein; 1/1000), aggregated alpha-synuclein (Merck MABN389; immunogen: Keyhole limpet hemocyanin-conjugated linear peptide corresponding to Human aggregated alpha-synuclein; 1/2000), IRS-1 (Cell Signaling 2382, 1/1000), phospho-IRS1 (Tyr608) (Merck 09-432, 1/5000), LC3B (Abcam ab48394, 1/2500), mTOR (Cell Signaling 2972, 1/1000), phospho-mTOR (Ser2448) (Cell Signaling 2971, 1/2500), p62 (BD Bioscience 610498, 1/5000), Stat3 (Cell Signaling 9139, 1/2500), phospho-Stat3 (Tyr705) (Cell Signaling 9131, 1/1000), Raptor (Cell Signaling 2280, 1/5000) and Rictor (Cell Signaling 2114, 1/5000). Signals were revealed with horseradish peroxidase conjugated secondary antibodies (Life technologies) and chemiluminescence (ECL Prime Western Blotting Detection Reagent, Amersham Biosciences) using Amersham Imager 600 (GE Healthcare), or with fluorescent secondary antibodies (Life technologies) using Typhoon FLA 9500 GoldSeal (GE Healthcare). Two to eight replicates of each western-blot were performed. Quantification of protein bands densitometry was carried out using ImageJ software version 1.51 w (NIH). Results are normalized to actin levels.

Statistics
----------

The difference in body mass between genotypes was compared across time using a Kruskal--Wallis test followed by Mann--Whitney *U*-test on individual time period. A Mann--Whitney *U*-test was used to compare WT and Thy1-aSYN mice for a given phase or light and dark phases for a given phenotype. Unless otherwise noted, values in the figures and text are mean ± standard error of the mean (SEM). Values of *p* \< 0.05 are considered to be statistically significant. Data were analyzed and graphs were plotted by GraphPad Prism^®^ software version 6.05.

Results
=======

Thy1-aSYN Mice Show Impaired Motor Performance and Coordination in Challenging Beam Traversal
---------------------------------------------------------------------------------------------

Six-month-old WT and Thy1-aSYN mice were tested in the challenging beam traversal test (**Figure [1A](#F1){ref-type="fig"}**). Time to traverse, number of steps and error per steps were analyzed. Regarding time to traverse, Mann--Whitney *U*-test showed no significant difference between WT and transgenic mice (*p* = 0.67) (**Figure [1B](#F1){ref-type="fig"}**). Similarly, the number of steps did not differ between WT and transgenic mice (*p* = 0.28; data not shown). Analysis of the number of errors per step indicated that transgenic animals made significantly more errors compared to WT controls (0.77 ± 0.05 vs. 0.38 ± 0.03; *p* \< 0.0001) (**Figures [1C,D](#F1){ref-type="fig"}**). Therefore, our results show that 6-month-old Thy1-aSYN display impairments in the challenging beam traversal test, confirming the deficits of this model in challenging motor tests ([@B28]; [@B16]).

![Motor performance and coordination in 6-month-old mice. **(A)** Schematic representation of the challenging beam traversal procedure used to assess motor performance. **(B)** Time to traverse did not differ between experimental groups. **(C)** Thy1-aSYN mice made more errors per step compared to WT mice. **(D)** Photograph of a mouse making an error on the grid while traversing the beam (white arrow: forelimb slips through the grid). Mean of five trials. Mann--Whitney *U*-test. ^∗∗∗∗^*p* \< 0.0001 vs. WT mice.](fnmol-11-00321-g001){#F1}

Thy1-aSYN Mice Show Reduced Body Weight Gain Over Time
------------------------------------------------------

Wild-type and transgenic mice were weighed at 21 days (weaning), 2, 3, 6, 9, and 12 months of age. Kruskal--Wallis analysis showed that both WT and transgenic mice gained weight as they aged (*p* \< 0.0001 for both genotype). Mann--Whitney *U*-test on individual time periods revealed that Thy1-aSYN mice weighed significantly less than WT mice from 3 months of age (27.25 ± 0.92 vs. 31.31 ± 0.94 g; *p* \< 0.001). Difference increased over time, so that at 12 months of age WT mice reached 42.72 ± 2.13 g, while Thy1-aSYN mice weighted 35.30 ± 2.44 g (*p* \< 0.05) (**Figure [2A](#F2){ref-type="fig"}**). Therefore, our results suggest a slower body weight gain of Thy1-aSYN transgenic mice compared to WT littermates. Next characterizations were conducted on 6-month-old transgenic Thy1-aSYN and WT mice (body mass: Thy1-aSYN: 32.84 ± 1.03 vs. WT: 38.82 ± 1.13 g; *p* \< 0.001).

![Body weight gain and body composition analysis. **(A)** Thy1-aSYN mice show reduced weight-gain compared to WT littermates from 3 months of age. **(B)** Representative Micro-CT Scans obtained from 6-month-old WT and Thy1-aSYN mice showing selected area of lean (blue), subcutaneous fat (green), visceral fat (purple) tissues. **(C)** Both visceral and subcutaneous fat masses were decreased in 6-month-old Thy1-aSYN mice compared to WT mice, with no change in lean mass. **(D)** Mass of subcutaneous adipose tissue collected at euthanasia was decreased in 6-month-old Thy1-aSYN mice compared to WT mice. Mann--Whitney *U*-test on individual time epochs and for body composition analyses; ^∗^*p* \< 0.05, ^∗∗∗^*p* \<0.01, and ^∗∗∗∗^*p* \< 0.0001 vs. WT mice.](fnmol-11-00321-g002){#F2}

Thy1-aSYN Mice Have Reduced Body Fat Compared to WT Mice
--------------------------------------------------------

To explore whether lower body mass of Thy1-aSYN compared to WT mice was attributable to change in body composition, X-ray CT Scan imaging was used to evaluate lean and fat masses in anesthetized 6-month-old mice (**Figure [2B](#F2){ref-type="fig"}**). Data analyses revealed no significant difference in lean mass between transgenic and WT mice (Thy1-aSYN: 17.69 ± 0.63 vs. WT: 19.15 ± 0.54; *p* = 0.11). In contrast, transgenic mice showed a decrease in the total fat mass (2.54 ± 0.26 vs. 8.39 ± 1.35 g; *p* \< 0.0001), visceral fat mass (1.22 ± 0.14 vs. 3.90 ± 0.53 g; *p* \< 0.0001), and subcutaneous fat mass (1.32 ± 0.125 vs. 4.49 ± 0.82 g; *p* \< 0.0001) compared to WT littermates (**Figure [2C](#F2){ref-type="fig"}**). This was accompanied by a decreased fat ratio (Thy1-aSYN: 12.67 ± 1.36 vs. WT: 28.88 ± 3.29%; *p* = 0.0001). Bone mineral density was also calculated and showed no difference between transgenic and WT animals (data not shown). At euthanasia, the weight of subcutaneous adipose tissue (consisting of inguinal and gluteal adipose tissues) was lower in Thy1-aSYN mice compared to that of WT mice (121.1 ± 10.58 vs. 447.4 ± 77.32 mg; *p* \< 0.001) (**Figure [2D](#F2){ref-type="fig"}**). Therefore, both CT Scan imaging and subcutaneous fat weighting show that Thy1-aSYN mice have a reduced fat accumulation.

Thy1-aSYN Mice Display Reduced Food Intake and Altered Meal Pattern
-------------------------------------------------------------------

To better understand the cause of the lower body weight and body fat in transgenic mice, we examined their food intake, ambulatory activity and EE using the LabMaster-CaloSys-Calorimetry system. Transgenic mice consumed 35% less food than their control littermates during the dark cycle (1.85 ± 0.31 vs. 2.86 ± 0.225 g; *p* \< 0.05). This was accompanied by a lower consumption of water (1.11 ± 0.26 vs. 2.00 ± 0.23 ml; *p* \< 0.05) (**Figure [3A](#F3){ref-type="fig"}**). Further analyses were performed to compare the inter-meal interval, meal size, meal duration and meal rate. Inter-meal interval analysis revealed no difference between transgenic and WT mice and both genotypes showed a more elevated inter-meal interval during the light phase than during the dark phase (**Figure [3B](#F3){ref-type="fig"}**). Measurement of the meal size showed that it was decreased in Thy1-aSYN mice compared to WT mice during the dark phase (0.162 ± 0.025 vs. 0.250 ± 0.025 g; *p* \< 0.05) (**Figure [3C](#F3){ref-type="fig"}**). Thy1-aSYN mice also tended to show a longer meal duration and a decreased meal rate compared to WT mice, although these differences did not reach statistical significance (**Figures [3D,E](#F3){ref-type="fig"}**). It however has to be noted that the meal duration was statistically shorter during the light cycle compared to the dark cycle for WT animals (4.58 ± 0.59 vs. 6.73 ± 0.85 min; *p* \< 0.05), but this was not the case for transgenic animals (**Figure [3D](#F3){ref-type="fig"}**).

![Food intake and meal pattern of 6-month-old mice. **(A)** Thy1-aSYN mice consumed less food and water compared to WT mice during the dark phase. **(B)** Inter-meal interval were more elevated during the light phase than during the dark phase, regardless of the genotype. **(C)** Meal size was decreased in Thy1-aSYN mice compared to WT mice during the dark phase. **(D)** Meal duration and **(E)** Meal rate analyses show no statistically significant difference between genotypes, although Thy1-aSYN mice overall tended to show longer meal duration and decreased meal rate compared to WT mice during the dark phase. Mann--Whitney *U*-test. ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01, ^\#\#\#^*p* \< 0.001, and ^\#\#\#\#^*p* \< 0.0001 vs. dark cycle; ^∗^*p* \< 0.05 vs. WT mice. White and gray backgrounds represent light and dark phases, respectively.](fnmol-11-00321-g003){#F3}

Thy1-aSYN Mice Show Increased Activity and Altered Energy Metabolism
--------------------------------------------------------------------

The monitoring of locomotor activity showed that the horizontal ambulatory activity (x-axis beam breaks counts; e.g., locomotion) of Thy1-aSYN mice was significantly higher than that of WT mice both during the dark cycle (8425 ± 1552 vs. 4731 ± 401 breaks; *p* \< 0.05) and during the light cycle (2828 ± 446 vs. 1558 ± 132 breaks; *p* = *p* \< 0.01). Likewise, the vertical activity (z-axis beam breaks counts; e.g., rearing or jumping) was significantly increased during the light cycle (1128 ± 218 vs. 620 ± 101 breaks; *p* \< 0.05) (**Figure [4A](#F4){ref-type="fig"}**). The measurement of the EE using the LabMaster-CaloSys-Calorimetry system showed that EE was decreased in Thy1-aSYN mice compared to WT mice, both during the dark cycle (0.49 ± 0.02 vs. 0.56 ± 0.02 kcal/h; *p* \< 0.05) and during the light cycle (0.40 ± 0.01 vs. 0.47 ± 0.02 kcal/h; *p* \< 0.01) (**Figure [4B](#F4){ref-type="fig"}**). Body composition influences energy metabolism, and there is no consensus on the best normalization tool to use when expressing VO~2~ or VCO~2~ ([@B10]; [@B37]). In our study, we observed no statistically significant change in oxygen consumption or carbon dioxide production between transgenic and WT mice, when normalized to either lean mass or total body weight (**Figure [4C](#F4){ref-type="fig"}** and data not shown). However, our results show that oxygen consumption was decreased during the light cycle compared to the dark cycle for WT animals (3604 ± 110 vs. 3940 ± 115 ml/h/kg lean mass; *p* \< 0.01), while this was not the case for the transgenic animals (**Figure [4C](#F4){ref-type="fig"}**). Similarly, the RER was significantly decreased during the light cycle compared to the dark cycle in WT animals (0.848 ± 0.015 vs 0.900 ± 0.014; *p* \< 0.01) but no such difference was observed in Thy1-aSYN mice (**Figure [4D](#F4){ref-type="fig"}**). Altogether these data suggest that temporal rhythms in energy metabolism may be deregulated in Thy1-aSYN mice. Finally, as the Thy1-aSYN transgenic mice have lower body fat mass than WT mice, we calculated the fat oxidation to better evaluate their use of fat as intrinsic energy source. Our results did not reveal significant difference for this parameter between genotypes (dark cycle: Thy1-aSYN: 0.23 ± 0.04 vs. WT: 0.18 ± 0.02 kcal/h; *p* = 0.485; light cycle: Thy1-aSYN: 0.235 ± 0.02 vs. WT: 0.23 ± 0.02; *p* = 0.74) (**Figure [4E](#F4){ref-type="fig"}**).

![Spontaneous activity and energy metabolism in 6-month-old mice. **(A)** Horizontal (x-axe) and vertical activity (z-axe) of Thy1-aSYN mice and WT mice. **(B)** Energy expenditure was decreased in Thy1-aSYN mice compared to WT mice, both during the dark cycle and light phases. **(C)** Oxygen consumption, **(D)** RER and **(E)** Fat oxidation of Thy1-aSYN and WT mice. Mann--Whitney *U*-test. ^\#\#^*p* \< 0.01, ^\#\#\#^*p* \< 0.001 vs. dark cycle; ^∗^*p* \< 0.05 and ^∗∗^*p* \< 0.01 vs. WT mice. White and gray backgrounds represent light and dark phases, respectively.](fnmol-11-00321-g004){#F4}

Thy1-aSYN Mice Have Decreased Insulin and Leptin Plasma Levels
--------------------------------------------------------------

Given the change in body weight, fat mass, food consumption, spontaneous activity and EE, we first examined blood glucose levels after 6 h of fasting and observed no significant difference between Thy1-aSYN and WT mice (TR: 160.0 ± 9.75 vs. WT: 172.5 ± 8.32 mg/dl; *p* = 0.4732). To assess whole-body glucose homeostasis, we next performed intraperitoneal glucose tolerance test and insulin sensitivity test on these mice. We detected no differences in the response patterns, with comparable area under the curve for Thy1-aSYN and WT mice in both tests (**Figures [5A,B](#F5){ref-type="fig"}**). We also measured the plasma levels of insulin and leptin and showed decreased levels of these two hormones in Thy1-aSYN mice compared to WT mice (insulin: 1.56 ± 0.27 vs. 3.64 ± 0.78 μg/l; *p* \< 0.05; leptin: 2331 ± 1103 vs. 9348 ± 2163 pg/ml; *p* \< 0.01) (**Figures [5C,D](#F5){ref-type="fig"}**). Finally, the presence of Human alpha-synuclein was detected in the plasma of transgenic mice but not in the plasma of WT mice (42960 ± 6305 pg/ml; *p* \< 0.0001 vs. WT mice) (**Figure [5E](#F5){ref-type="fig"}**).

![Glucose homeostasis and plasma levels of alpha-synuclein, insulin and leptin in 6-month-old animals. Thy1-aSYN and WT mice showed no significant difference in glycemic response patterns following intraperitoneal injection of **(A)** glucose or **(B)** insulin. Thy1-aSYN mice displayed **(C)** elevated alpha-synuclein levels, **(D)** low insulin and **(E)** low leptin plasma levels compared to WT mice. Mann--Whitney *U*-test; ^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, and ^∗∗∗∗^*p* \< 0.0001 vs. WT mice.](fnmol-11-00321-g005){#F5}

Thy1-aSYN Mice Display Decreased STAT3 Phosphorylation and Rictor Level in the Hypothalamus
-------------------------------------------------------------------------------------------

The control of feeding and EE is centrally regulated by the hypothalamus using the information originating from peripheral organs. To determine whether alterations in this brain region could contribute to the metabolic abnormalities in Thy1-aSYN mice, we first evaluated the accumulation of alpha-synuclein in the hypothalamus in our model. We found that alpha-synuclein, detected with an antibody that recognizes both mouse and Human proteins, was expressed in the hypothalamus at a level comparable to that observed in the substantia nigra and the striatum in 6-month-old Thy1-aSYN mice (**Figure [6A](#F6){ref-type="fig"}**). Further analyses showed that levels of total alpha-synuclein, alpha-synuclein phosphorylation at serine 129 and aggregated alpha-synuclein were higher in the hypothalamus of Thy1-aSYN mice compared to WT mice (928.5 ± 169.7 vs. 100 ± 17.38%; *p* \< 0.0001; 1243.1 ± 335.8 vs. 100 ± 21.36%; *p* \< 0.0001 and 4133.72 ± 638.6 vs. 100 ± 38.56%; *p* \< 0.0001, respectively) (**Figure [6B](#F6){ref-type="fig"}**). We next compared the expression and activation of receptors and protein complexes known to be critically implicated in the regulation of energy balance and metabolism by the hypothalamus. Western blot of total and active phosphorylated forms of IRS-1 and of STAT3 showed that phosphorylation of STAT3 at tyrosine 705 was decreased in the hypothalamus of 6-month-old Thy1-aSYN mice compared to WT mice (71.84 ± 10.51 vs. 100 ± 9.70%; *p* \< 0.05) (**Figure [6B](#F6){ref-type="fig"}**). We also compared the major mTOR protein complexes including total and phosphorylated mTOR (that nucleates the two distinct protein complexes mTORC1 and mTORC2), raptor (specific core regulatory protein of the mTORC1 complex) or rictor (specific core regulatory protein of the mTORC2 complex). Obtained data show a significant decrease in the expression of rictor in the hypothalamus of 6-month-old Thy1-aSYN mice (67.97 ± 9.68 vs. 100 ± 3.66%; *p* \< 0.01), suggesting that the mTORC2 pathway is deregulated in 6-month-old Thy1-aSYN mice (**Figure [6B](#F6){ref-type="fig"}**). Given that rictor plays an important role in autophagy induction and that alpha-synuclein is known to alter autophagy signals, the levels of key autophagy-related proteins LC3B and p62 were assessed but showed no significant changes between Thy1-aSYN and WT mice (89.68 ± 4.96 vs. 100 ± 5.76%; *p* = 0.27 and 102.9 ± 11.47 vs. 100 ± 13.71%; *p* = 0.64, respectively).

![Western blot analysis of hypothalamus protein extracts from 6-month-old Thy1-aSYN and WT mice. **(A)** Alpha-synuclein was expressed at a comparable level in the hypothalamus, the *substantia nigra* and the striatum of 6-month-old Thy1-aSYN mice (Thy1-aSYN: *n* = 4). **(B)** The left images show representative bands for each target protein, and the results are quantified in the right graphs (WT: *n* = 12, Thy1-aSYN: *n* = 10). Thy1-aSYN mice displayed increased levels of total alpha-synuclein, alpha-synuclein phosphorylation at serine 129 and aggregation of alpha-synuclein, as well as decreased phosphorylation at tyrosine 705 of the transcription factor STAT3 and decreased levels of Rictor. Mann--Whitney *U*-test; ^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, and ^∗∗∗∗^*p* \< 0.0001 vs. WT mice.](fnmol-11-00321-g006){#F6}

Finally, we aimed to see whether the deregulation of markers linked to metabolism was observed at an earlier time-point in the Thy1-aSYN mouse model. We therefore compared the phenotype of 3-month-old transgenic and WT animals for both peripheral and central markers previously identified as deregulated. Our results show no change in blood glucose levels and insulinemia and a non-statically decrease of the plasmatic levels of leptin in 3-month-old Thy1-aSYN mice compared to controls (2416 ± 699 vs. 6273 ± 1670 pg/ml; *p* = 0.1004) (**Figure [7A](#F7){ref-type="fig"}**). They moreover evidence in 3-month-old Thy1-aSYN mice increased levels of alpha-synuclein phosphorylated at serine 129 (935.5 ± 218.2 vs. 100 ± 26.60%; *p* \< 0.0001) together with a decrease in the phosphorylation of STAT3 at tyrosine 705 (75.24 ± 9.06 vs. 100 ± 10.74%; *p* \< 0.05) and an increase in rictor protein levels (160.6 ± 14.48 vs. 100 ± 9.08%; *p* \< 0.01) (**Figure [7B](#F7){ref-type="fig"}**).

![Peripheral hormones and central hypothalamic involvement in 3-month-old animals. **(A)** 3-month-old Thy1-aSYN and WT mice showed no significant difference in blood glucose and plasmatic insulin and leptin levels (WT: *n* = 16, Thy1-aSYN: *n* = 11). **(B)** The left images show representative bands for each target protein, and the results are quantified in the right graphs (WT: *n* = 16, Thy1-aSYN: *n* = 13). Thy1-aSYN mice displayed increased levels of alpha-synuclein phosphorylation at serine 129, as well as decreased STAT3 phosphorylation at tyrosine 705 and increased rictor protein levels. Mann--Whitney *U*-test; ^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01, and ^∗∗∗∗^*p* \< 0.0001 vs. WT mice.](fnmol-11-00321-g007){#F7}

Discussion
==========

The present study aimed to characterize the metabolic phenotype of the Thy1-aSYN mouse model based on the overexpression of full-length, Human, WT alpha-synuclein. The Thy1-aSYN mouse model reproduces several features evoking sporadic PD, such as alpha-synuclein accumulation in brain regions including the substantia nigra. Later in life - at 14 months of age - these mice lose 40% of striatal dopamine and show sensory-motor deficits that, as in Humans, are partially reversed by L-dopa ([@B39]). This pathological phenotype may be slower than that of mice that overexpress alpha-synuclein carrying mutations found in patients with rare familial forms of PD (i.e., A53T, A30P) ([@B15]). In the present study, we characterized the transgenic mice at an age preceding any dopamine loss and severe sensory-motor deficits ([@B16]) in an attempt to improve our understanding at an earlier phase of the disorder. Consistent with previous publications ([@B28]; [@B39]) we report motor deficits in the challenging beam traversal test, therefore supporting the reproducibility of the Thy1-aSYN phenotype. Our data show for the first time that 6-month-old Thy1-aSYN mice display loss of adiposity, altered feeding behavior, decreased EE, as well as deregulation of peripheral hormones and hypothalamic signaling pathways known to be critically implicated in the regulation of energy homeostasis.

Body Weight and Body Composition of Thy1-aSYN Mice
--------------------------------------------------

Thy1-aSYN mice showed a decreased body weight observable from 3 months of age compared to age-matched WT mice, and the difference increased with age. Body composition analysis in 6-month-old animals revealed that Thy1-aSYN mice had lower subcutaneous and visceral fat mass, but no change in lean mass. It has to be noted that Human prospective studies report that PD patients can show decreased body weights several years (2--5 years) before the disease is diagnosed ([@B23]; [@B12]; [@B14]; [@B67]), after which their average body weights decline. Anthropometric studies show that this weight loss is essentially associated with reduced body fat mass, but not with muscle loss ([@B48]; [@B6]; [@B43], [@B44]). Therefore, the phenotype of the Thy1-aSYN mouse model recapitulates several features reported in PD patients. Because PD patients are at higher risk of reduced bone mineral density and fractures ([@B73]), we aimed to measure bone mineral density in the Thy1-aSYN and WT mice, showing no difference between genotypes.

Altered Feeding Behavior and Energy Metabolism
----------------------------------------------

When individually housed in metabolic cages, 6-month-old transgenic mice showed a decrease in food consumption compared to control mice. This was associated with an altered meal pattern resulting in a smaller meal size. Decreased food consumption and altered meal pattern could arise from a number of factors observed in this transgenic mouse model. First, Thy1-aSYN mice exhibit early and sustained olfactory detection and discrimination deficits without total loss of olfaction, as it is usually reported in patients ([@B29]). Olfaction influences food intake ([@B71]) and therefore, such olfactory deficiencies might contribute to a lower food consumption of Thy1-aSYN mice. Second, Thy1-aSYN mice exhibit increased anxiety, that is frequently experienced by PD patients ([@B54]). Various studies have associated stress and anxiety to alteration in food intake and body weight ([@B61]; [@B22]) and this could impact the feeding behavior in our study. Third, Thy1-aSYN mice show reductions in fecal pellet output when exposed to a novelty stress from 2.5--3 months of age, as well as alpha-synuclein accumulation in the colonic myenteric ganglia as reported in 7--8-month-old animals ([@B77]). Such gastro-intestinal alterations could contribute to weight loss in transgenic animals both by altering their food intake behavior and by causing malabsorption. Thy1-aSYN mice displayed a decreased EE compared to controls, thus arguing against the possibility that an EE dysregulation could contribute to weight loss in our model. Our observations are consistent with the report that weight loss in PD occurs regardless to changes in daily EE ([@B20]). Analyses of oxygen consumption and RER analyses did not evidence significant changes between transgenic and WT mice. However, they revealed that EE, oxygen consumption and RER were significantly decreased during the light cycle compared to the dark cycle in WT animals but no such differences were observed in Thy1-aSYN mice. This suggests that Thy1-aSYN mice could display alterations in temporal rhythms in energy metabolism and this could be linked to deficits in circadian-regulated behavior ([@B38]).

Hyperactivity, Dopamine, and Face-Validity of the Thy1-aSYN Model
-----------------------------------------------------------------

Behavioral characterization of 6-month-old transgenic mice showed an increased activity for both horizontal and vertical movements, in line with previous reports of increased open-field activity of Thy1-aSYN mice at 7 months ([@B39]). Increased activity of Thy1-aSYN mice has to be considered along with the increased extracellular striatal dopamine reported in the Thy1-aSyn mice at 6 months of age and should be distinguished of the later decreased locomotion observed in 14-month-old Thy1-aSYN mice, when striatal dopamine is significantly lost ([@B39]; [@B16]). Interestingly, an increased activity has also been reported for other mouse models of PD. For instance, knock-in mice bearing the G2019S LRRK2 mutation (a frequent cause of familial PD) have a hyperactive phenotype in the open field test ([@B42]). Similarly, MitoPark mice (in which the mitochondrial transcription factor Tfam is selectively removed in midbrain dopamine neurons) display at 6 weeks higher activity scores at both horizontal and vertical movements than control mice, while this hyperactivity is reversed to bradykinesia at 12 weeks of age, when dopamine levels get significantly lower in their striatum ([@B30]). Although it is difficult to extrapolate these data to patients in which levodopa-responsive motor symptoms support the diagnosis, one could hypothesize that early deregulation of dopamine could contribute to presymptomatic motor changes, as suggested in healthy carriers of the LRRK2 G2019S mutation ([@B52]). Noteworthy, the nigrostriatal dopaminergic pathway has also been implicated in feeding ([@B75]; [@B72]) and an excess of dopamine signaling has been reported to inhibit feeding in mice, as demonstrated with non-specific dopamine receptor agonists, DAT inhibitors, or amphetamines ([@B41]). As such, changes in dopamine concentration could contribute to hyperactivity, impairments in challenging motor test and feeding abnormalities in 6-month-old Thy1-aSYN mice.

Deregulation in Hormones Controlling Energy Homeostasis
-------------------------------------------------------

Research on the mechanisms governing body weight, feeding behavior and energy metabolism has provided insight into complex interactions between peripheral signals and the central nervous system ([@B66]). Both plasma insulin and leptin concentrations are decreased in 6-month-old Thy1-aSYN mice. The leptin hormone is produced by white adipose tissue ([@B17]). Its level declines in Humans and mice after weight loss and accordingly a lower plasma leptin concentration was reported in PD patients with weight loss ([@B44]; [@B26]). Hypoleptinemia has also been reported in transgenic mice overexpressing A53T alpha-synuclein ([@B64]), as well as in mice overexpressing amyloid precursor protein ([@B35]) and in two Huntington's disease mouse models ([@B58]) and might therefore appear as a feature frequently associated with pathological protein accumulation in mice. Insulin is secreted from pancreatic beta cells and its circulating concentrations show a positive correlation with body fat mass ([@B79]). This suggests that the declines in leptin and insulin levels are consequences of the changes in body composition in the Thy1-aSYN mice. In turn, the deregulation of these hormones could alter the phenotype of Thy1-aSYN mice in several ways. For instance, insulin increases adiposity, promotes lipid synthesis, and inhibits lipolysis ([@B4]). Also, both leptin and insulin were shown to raise EE when administered to rodents ([@B50]; [@B53]), therefore directly linking decline in these hormones and reduction in EE in the Thy1-aSYN mice. Insulin and leptin have also neuroprotective properties and can influence synaptic plasticity. Among other studies, leptin administration rescued dopaminergic neurons, decreased the apomorphine-induced rotational behavior and restored striatal catecholamine levels in the unilateral 6-hydroxydopamine mouse model of dopaminergic cell death ([@B78]). Also, insulin induces the expression of the activity-regulated cytoskeleton-associated gene ([@B13]), an effector immediate early gene critical to protein-synthesis synaptic plasticity ([@B63]). Leptin receptors and insulin receptors are expressed by dopaminergic neurons in midbrain ([@B25]) and both hormones act directly on these neurons ([@B33]; [@B49]). Leptin has been shown to modulate dopamine D2 receptor expression in striatum ([@B57]). Insulin has been shown to depress dopamine concentration in the ventral tegmental area via increasing its reuptake through dopamine transporter ([@B49]). Although these results indicate a potential role of leptin and insulin in regulating the action of dopamine in the brain, the exact molecular mechanisms of such actions are yet to be elucidated.

Alpha-Synuclein and Deregulation of Signaling Pathways Regulating Energy Metabolism in the Hypothalamus of Thy1-aSYN Mice
-------------------------------------------------------------------------------------------------------------------------

It is now well established that the brain, especially the hypothalamus, maintains body weight homeostasis by effectively adjusting food intake and EE in response to changes in levels of various nutritional status indicators. In PD, alpha-synuclein pathology may spread along neuronal pathways and neuropathological hypothalamic involvement was previously reported ([@B40]; [@B2]), even at preclinical stages ([@B19]). Here, we report for the first time that alpha-synuclein accumulates in the hypothalamus of Thy1-aSYN mice, to levels comparable to those of the *substantia nigra* and the striatum. We also show increased levels of alpha-synuclein phosphorylation at serine 129 and alpha-synuclein aggregation in this brain region. Alpha-synuclein has been suggested to fulfill roles in synaptic function and plasticity and thus it is possible that the alpha-synuclein pathology in the hypothalamus causes functional alterations leading to metabolism abnormalities. Importantly, alpha-synuclein level was also elevated in the plasma of Thy1-aSYN mice compared to WT mice. Although it is not clear how plasma alpha-synuclein levels relate to abnormal aggregated alpha-synuclein in the brain, our results confer to the Thy1-aSYN mouse model a major interest to evaluate the blood as a as a source of neurodegeneration biomarkers. By further analyzing the receptors and protein complexes known to be critically implicated in the regulation of metabolism, we evidenced a decreased phosphorylation at tyrosine 705 of the transcription factor STAT3 in the hypothalamus already present in 3-month-old Thy1-aSYN mice. STAT3 phosphorylation at tyrosine 705 promotes its homodimerization or heterodimerization with other STATs which leads to nucleus translocation and DNA binding. *In vivo* studies have provided evidence indicating that STAT3 activation in the hypothalamus is critical to the regulation of food intake and energy balance, particularly in the functioning of leptin ([@B5]; [@B9]). Thus the downregulation of STAT3 phosphorylation could sign defects in the hypothalamus function in Thy1-aSYN mice. Over the last decade, mTOR complexes 1 and 2 (mTORC1 and mTORC2) have also emerged as critical cellular energy sensors because of their ability to couple hormones (including leptin and insulin) and nutrient signals with the regulation of energy balance and metabolism and activity among others ([@B31]). We compared the expression of major mTOR proteins and showed alterations of the protein levels of rictor, a required subunit for mTORC2, with increased protein levels in 3-month-old Thy1-aSYN mice, and decrease protein levels at 6 months of age. We did not observe changes in rictor levels in the *substantia nigra* of 6-month-old Thy1-aSYN (data not shown), suggesting that alpha-synuclein overexpression causes brain region-specific deregulations in our model. Although the function of mTORC2 is not as well-known as the function of mTORC1, it regulates actin polarization and endocytosis ([@B60]) and sphingolipid biosynthesis ([@B62]). It appears important to further evaluate the role of mTORC2 in these pathways that we and others reported as notably deregulated in PD ([@B55]; [@B21]). Thus, considering the pivotal roles of the hypothalamus in regulating feeding behavior and energy metabolism, it is reasonable to speculate that the STAT3/mTORC2 alterations could contribute to the metabolic phenotype of Thy1-aSYN mice (**Figure [8](#F8){ref-type="fig"}**).

![Proposed graphical abstract illustrating the pathways possibly involved in metabolism abnormalities in 6-month-old Thy1-aSYN transgenic mice.](fnmol-11-00321-g008){#F8}

Conclusion
==========

In conclusion, our data demonstrate a link between alpha-synuclein overexpression and metabolic abnormalities including decreased body weight and adiposity, altered feeding behavior and decreased EE together with hypoleptinemia and hypoinsulinemia in the Thy1-aSYN mouse model. They moreover raise the possibility that alterations of the STAT3/mTORC2 signaling pathways in the hypothalamus of Thy1-aSYN transgenic mice could contribute to the disruption of their feeding behavior and energy metabolism. This emphasizes the need to better characterize the hypothalamus molecular dysregulation in PD to understand the etiology of unintended body weight change in this disease. Future studies are particularly needed to evaluate the interest of the proteins linked to STAT3 and mTORC2 signaling as biomarkers for PD and to test whether strategies aimed to normalize energy metabolism would interfere with alpha-synuclein-linked pathology.
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